Stimulation of the bag cell neurons of Aplysia activates several biochemical pathways, including protein kinase C (PKC), and alters their excitability for many hours. After an ϳ30 min afterdischarge, these neurons enter an ϳ18 hr inhibited state during which additional stimulation fails to evoke discharges. In vivo, this refractory period limits the frequency of reproductive behaviors associated with egg laying. We have now examined the role of Ca 2ϩ -activated K ϩ (BK) currents in the refractory period. Outward currents gated by both intracellular Ca 2ϩ and depolarization, with pharmacological characteristics of BK currents, were recorded in isolated bag cell neurons. These currents were enhanced by the BK channel activators phloretin and 1,3-dihydro-1-[2-hydroxy-5-(trifluoro-methyl)phenyl]-5-trifluoromethyl-2H-benzimidazol-2-one and inhibited by the BK blocker paxilline. The BK component of K ϩ current was enhanced by 12-Otetradecanoyl-phorbol-13-acetate, an activator of PKC, and this effect was blocked by sphinganine and PKC [19][20][21][22][23][24][25][26][27][28][29][30][31][32][33][34][35][36] , inhibitors of PKC in bag cell neurons. To test whether the BK current is altered during the refractory period, intact clusters were stimulated to afterdischarge, and neurons were isolated after the clusters had entered the refractory period. Compared with unstimulated cells, current density was almost doubled in refractory neurons. This increase in current was inhibited by preincubating clusters in sphinganine. Treatment of refractory clusters with paxilline significantly restored the ability of stimulation to evoke afterdischarges. Conversely, application of phloretin to previously unstimulated clusters inhibited the onset of afterdischarges. These results indicate that a prolonged increase in BK channel activity contributes to the prolonged refractory period of the bag cell neurons.
Stimulation of the bag cell neurons of Aplysia activates several biochemical pathways, including protein kinase C (PKC), and alters their excitability for many hours. After an ϳ30 min afterdischarge, these neurons enter an ϳ18 hr inhibited state during which additional stimulation fails to evoke discharges. In vivo, this refractory period limits the frequency of reproductive behaviors associated with egg laying. We have now examined the role of Ca 2ϩ -activated K ϩ (BK) currents in the refractory period. Outward currents gated by both intracellular Ca 2ϩ and depolarization, with pharmacological characteristics of BK currents, were recorded in isolated bag cell neurons. These currents were enhanced by the BK channel activators phloretin and 1,3-dihydro-1-[2-hydroxy-5-(trifluoro-methyl)phenyl]-5-trifluoromethyl-2H-benzimidazol-2-one and inhibited by the BK blocker paxilline. The BK component of K ϩ current was enhanced by 12-Otetradecanoyl-phorbol-13-acetate, an activator of PKC, and this effect was blocked by sphinganine and PKC [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , inhibitors of PKC in bag cell neurons. To test whether the BK current is altered during the refractory period, intact clusters were stimulated to afterdischarge, and neurons were isolated after the clusters had entered the refractory period. Compared with unstimulated cells, current density was almost doubled in refractory neurons. This increase in current was inhibited by preincubating clusters in sphinganine. Treatment of refractory clusters with paxilline significantly restored the ability of stimulation to evoke afterdischarges. Conversely, application of phloretin to previously unstimulated clusters inhibited the onset of afterdischarges. These results indicate that a prolonged increase in BK channel activity contributes to the prolonged refractory period of the bag cell neurons.
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Large-conductance Ca 2ϩ -activated K ϩ channels, also termed BK channels or Maxi-K channels, play an important role in the regulation of neuronal excitability. In addition to their large unitary conductance, the essential feature that distinguishes BK channels from other types of potassium channels, including the family of small-conductance Ca 2ϩ -activated K ϩ channels, is that they require depolarization and elevated cytosolic Ca 2ϩ levels to open at physiological membrane potentials (Latorre et al., 1989) . This allows the electrical activity of a cell to be coupled to changes in intracellular Ca 2ϩ . In some instances, BK channels colocalize with voltage-gated Ca 2ϩ channels, suggesting that they function as feedback regulators of intracellular Ca 2ϩ concentration by hyperpolarizing the plasma membrane after Ca 2ϩ entry (Robitaille and Charlton, 1992) . In some neurons, this may allow BK channels to regulate the amount of neurotransmitter released from presynaptic nerve terminals by modulating the duration of the presynaptic action potential (Robitaille et al., 1993) . Additionally, these channels may also contribute to firing patterns and the afterhyperpolarization of neurons and other excitable cells (MacDermott and Weight, 1982; Lancaster and Nicoll, 1987; Lancaster et al., 1991; Lovell and McCobb, 2001) .
The activity of BK channels is known to be regulated by a variety of protein kinases and other messengers (Chung et al., 1991; Critz and Byrne, 1992; Sansom et al., 1997; Nara et al., 2000) . Nevertheless, in only a few cases is the physiological significance of such modulation fully understood. In this study, we have analyzed their role in the peptidergic bag cell neurons of the marine mollusk Aplysia. These neurons control egg-laying behavior and have been used extensively as a model to investigate prolonged changes in excitability and neuropeptide secretion. Bag cell neurons form two homogeneous, electrotonically coupled clusters of 200 -400 cells each at the rostral end of the abdominal ganglion (Kupfermann and Kandel, 1970; . On electrical or hormonal stimulation, these normally silent neurons can be triggered to undergo an afterdischarge, a period of repetitive firing lasting ϳ30 min that results in the secretion of egg-laying hormone. After the afterdischarge, the bag cell neurons enter an ϳ18 hr period of relative inexcitability termed the refractory period (Kupfermann and Kandel, 1970; Kaczmarek and Kauer, 1983) . During this refractory state, additional stimulation fails to trigger normal afterdischarges, although intense stimulation can sometimes cause lower-frequency discharges of short duration. The threshold for action potential generation is also increased in the refractory state, such that action potentials originating at the source of stimulation fail to propagate throughout the entire neuron (Dudek and Blankenship, 1977; Kaczmarek et al., 1978) . Because the egg-laying behaviors triggered by the afterdischarge endure for several hours, the refractory period is believed to limit the frequency of these behaviors and to allow them to proceed to completion once they have been initiated. Our current findings suggest that a very prolonged increase in BK channel activity contributes to the change in the electrical properties of the bag cell neurons during the refractory period. Kaczmarek et al. (1979) . Animals were anesthetized by an injection of isotonic MgC l 2 (50% of body weight); the abdominal ganglion was removed and incubated for 18 hr at 18 -20°C in neutral protease (13.33 mg /ml; 165859; Roche Molecular Biochemicals, Indianapolis, I N) dissolved in normal artificial seawater (nASW) (containing, in mM: 460 NaC l, 10.4 KC l, C aC l 2 , 55 Mg Cl 2 , and 15 H EPES, plus 100 U/ml penicillin and 0.1 mg /ml streptomycin), pH 7.8. The ganglion was then transferred to fresh nASW, and the bag cell neuron clusters were dissected from their surrounding connective tissue. Using a fire-polished Pasteur pipette and gentle trituration, bag cell neurons were dispersed in nASW onto 35 ϫ 10 mm polystyrene tissue culture dishes (25000; Corning, Corning, N Y). Cultures were maintained in nASW for 1-3 d in a 14°C incubator. Single isolated bag cell neurons, which had no physical contact with adjacent neurons, were selected for whole-cell recording.
MATERIALS AND METHODS
W hole-cell voltage clamp. Ca 2ϩ -activated K ϩ currents were measured at room temperature (18 -20°C) using an EPC -8 amplifier (List Electronics) and the tight-seal, whole-cell method. Microelectrodes were pulled from 1.5-mm-external diameter borosilicate glass capillaries (TW 150 F-4; World Precision Instruments) and had a resistance of 0.9 -1.2 M⍀ when filled with intracellular saline. Intracellular saline contained (in mM): 500 K ϩ asparate, 70 KC l, 1.25 MgC l 2 , 10 H EPES, 11 glucose, 5 EGTA, 10 glutathione, 5 ATP (disodium salt), and 0.1 GTP (disodium salt), pH 7.3, with KOH. The free C a 2ϩ concentration of the intracellular saline was set at either 0 or 1 M by adding the appropriate amount of CaCl 2 . The free C a 2ϩ concentration was calculated using the C a Buffer program (courtesy of Dr. L. Schlichter, University of Toronto, Toronto, Ontario, C anada). The extracellular solution was designed to eliminate both contaminating Na ϩ currents and the activation of K ϩ currents through C a 2ϩ entry and contained (in mM): 471 N-methyl D-glutamine, 55 MgC l 2 , 15 H EPES, 2 EGTA, and 10.4 KC l, pH 7.8. Pipette junction potentials were nulled immediately before seal formation. Pipette and neuronal capacitive currents were canceled, and the series resistance (range, 3-5 M⍀) was compensated 80 -90% and monitored throughout the experiment. Current was filtered at 1 kHz with the EPC -8 built-in Bessel filter and was acquired using an I BM-compatible personal computer, a Digidata 1200 analog-to-digital converter (Axon Instruments), and pC lamp version 6.0.2 software (Axon Instruments). The holding potential was set at -40 mV to reduce, as much as possible, contamination by both I A (A-current) and inactivating delayed rectifier (IK2/Apl ysia Shab) K ϩ currents (DeRiemer et al., 1985; Strong and Kaczmarek, 1986; Quattrocki et al., 1994) , K ϩ currents were evoked by a series of 200 msec test pulses from Ϫ40 to ϩ 60 mV. Leak subtraction was performed on-line using a P/4 protocol from Ϫ40 mV with subpulses of opposite polarity and an intersubpulse interval of 500 msec and 4 sec between actual test pulses. No evidence of changes in holding current or run-up and run-down of the voltage-activated outward current was detected throughout the time course of dialysis with 1 M Ca 2ϩ compared with dialysis with 0 C a 2ϩ . This would suggest that under these conditions and over the time course of the recording period, 1 M Ca 2ϩ did not cause significant changes to membrane currents of the bag cell neurons.
E xtracellular recording. For extracellular recording, abdominal ganglia were placed in a recording chamber at 14°C. A wide-bore, fire-polished glass suction electrode placed at the distal end of one connective, and a recording suction electrode was placed at the rostral end of the corresponding bag cell neuron cluster (Kaczmarek et al., 1978) . Stimulating current pulses trains (20 V pulses of 2.5 msec duration at 6 Hz for 10 -20 sec) were delivered with a Grass S88 stimulator and isolation unit, and voltage was recorded using a Warner DP-301 differential amplifier. Voltage was monitored using an oscilloscope and a permanent record made on a chart recorder. The compound action potentials of the bag cell neurons could be uniquely identified by their large amplitude and width (Kaczmarek and Strumwasser, 1981) . The last compound action potential recorded was taken as the end of the afterdischarge. Within 15 min of the end of a first afterdischarge, a similar pulse train was applied one or two times to ensure that the cells had entered the refractory period. At this time, afterdischarge duration was scored as 0. To test the effect of the BK blocker paxilline, a 10 M concentration of the drug was added to the bath once the cluster was determined to be refractory, and the cluster was then stimulated again within 10 min. For the BK activator phloretin, we pretreated clusters with 100 M phloretin for 30 min and then tested the ability of the cluster to generate an afterdischarge by stimulating both in the continued presence of phloretin and after washout of the drug.
, paxilline (P-2928), penitrem A (P-3053), phloretin (P-7912), 4␣-phorbol (P-4888), PKC 19 -36 (P-8422), sphinganine (D-6908), 12-O-tetradecanoyl-phorbol-13-acetate (TPA; P-8139), and verruculogen (V-7755), were purchased from Sigma (St. L ouis, MO). A rapid, single-cell perf usion system, consisting of a micromanipulator-controlled square-barreled glass pipette (ϳ300 m bore) positioned close (300 -500 m) to the soma and connected to a series of gravity-driven reservoirs, was used to deliver all extracellularly applied drugs during whole-cell recording.
Anal ysis. Data are presented as the mean and SEM. Statistical analysis was performed by using Instat version 2.01 (GraphPad Software Inc., San Diego, CA). Student's t test was used to test for differences between two means. Data were considered significantly different at p Ͻ 0.05
RESULTS

Properties of Ca
2؉ -activated K ؉ currents in isolated bag cell neurons Figure 1 shows the mean current-voltage relationships for K ϩ currents recorded from isolated bag cell neurons using the tightseal, whole-cell configuration. K ϩ currents were evoked by depolarizing the membrane potential from a holding potential of Ϫ40 mV to test potentials between Ϫ40 and ϩ60 mV in 10 mV increments. Steady-state currents were normalized by cell capacitance. To isolate Ca 2ϩ -activated K ϩ currents, we recorded the K ϩ currents from cultured bag cell neurons in a Ca 2ϩ -and Na ϩ -free extracellular solution. When intracellular Ca 2ϩ was set at 1 M, large, outwardly rectifying currents were observed. Omission of Ca 2ϩ from the internal solution reduced the outward current, particularly at more positive voltages. Figure 2 shows the effect of paxilline, a specific blocker of BK currents (Knaus et al., 1994a; Sanchez and McManus, 1996; Strobaek et al., 1996) , on isolated bag cell neurons. At 10 M, paxilline reduced outward currents in bag cell neurons with 1 M Ca 2ϩ in the intracellular solution but had no effect on outward Figure 1 . Current-voltage relationships for whole-cell K ϩ currents of isolated bag cell neurons. Currents were recorded with Ca 2ϩ -free intracellular solutions or solutions containing 1 M Ca 2ϩ and evoked by depolarizing the membrane from a holding potential of -40 mV to test potentials from -40 to ϩ60 mV. Peak K ϩ currents were normalized by cell capacitance (n ϭ 9). currents with 0 Ca 2ϩ in the intracellular solution. Figure 2 A also shows the difference currents obtained by subtracting traces obtained after application of paxilline from the control traces. The kinetics and voltage sensitivity of the difference current match those of BK currents, activating significantly with depolarizations to potentials Ͼ0 mV and undergoing little inactivation. It was not possible to establish whether the effect of paxilline was maximal at 10 M, because higher concentrations had effects on currents recorded in 0 Ca 2ϩ solution. We also tested the effects of other reagents known to influence BK channels on the K ϩ current of isolated neurons. The BK channel activators phloretin (100 M; Ransom and Sontheimer, 2001 ) and NS 1619 (30 M; Holland et al., 1996) both enhanced the outward currents recorded with 1 M Ca 2ϩ in the intracellular solution but had no effect on outward currents recorded with a Ca 2ϩ -free intracellular solution (Fig. 3 , Table 1 ). Figure 3B also shows the difference currents obtained by subtracting control traces from those obtained after application of phloretin. In contrast, the BK channel blockers iberiotoxin (Joiner et al., 1998) , penitrem A (Aoki and Baraban, 2000) , and verruculogen (Aoki and Baraban, 2000) had no effect on outward currents recorded in bag cell neurons with either with 1 M or 0 Ca 2ϩ in the intracellular solution (Table 1) .
Modulation of Ca
2؉
-activated K ؉ current by protein kinase C PKC is activated at the onset of afterdischarge and through the early part of the refractory period (Wayne et al., 1999) . Activators of PKC produce an approximately twofold increase in the amplitude of the voltage-dependent Ca 2ϩ currents in bag cell neurons but have been shown to have no effect on the purely voltagedependent K ϩ currents in these cells (DeRiemer et al., 1985) . We therefore tested the action of TPA (100 nM), a phorbol ester activator of PKC, on Ca 2ϩ -activated K ϩ currents in bag cell neurons. TPA produced an increase in the amplitude of the outward current recorded with 1 M intracellular Ca 2ϩ (Fig. 4) . The properties of the voltage-dependent difference current, obtained by subtracting control traces from those obtained after application of TPA (Fig. 4 A) , generally match those of the paxilline-sensitive current (Fig. 2 A) . The inactive phorbol ester 4␣-phorbol (100 nM), which does not activate PKC, had no significant effect on outward currents in bag cell neurons (Fig. 4 B) . As an additional test for the role of PKC in the actions of TPA on the outward current, we examined the effect of TPA in the presence of the PKC inhibitors sphinganine and PKC 19 -36 . Sphinganine (10 M), which has been shown previously to inhibit the action of PKC activators in bag cell neurons , was added to the recording chamber at least 15 min before voltage-clamp recording. This completely blocked the enhancement of Ca 2ϩ -activated K ϩ currents by 100 nM TPA (Fig. 5A) . The specific pseudosubstrate PKC inhibitor peptide PKC 19 -36 (10 M; House and Kemp, 1987) was added to the intracellular solution and allowed to dialyze for 10 min before application of TPA. This also fully blocked the increase in current produced by TPA (Fig. 5B) .
To confirm that activation of PKC influences the Ca 2ϩ -activated component of the K ϩ current, we tested the effect of 100 nM TPA with a Ca 2ϩ -free intracellular solution. TPA had no effect on current amplitude under these conditions (Fig. 6 A) . Moreover, paxilline (10 M) reversed the action of TPA (Fig. 6 B) . These findings are consistent with previous work demonstrating that TPA does not alter either the delayed rectifier or A current of bag cell neurons (DeRiemer et al., 1985) .
Ca
2؉ -activated K ؉ current increases after an afterdischarge
To determine whether Ca 2ϩ -activated K ϩ currents are altered during the refractory period that follows an afterdischarge in the bag cell neurons, abdominal ganglia were dissected and divided into three groups: (1) control unstimulated ganglia, (2) ganglia in which the pleuroabdominal nerve was stimulated to trigger afterdischarge in the bag cell neurons, and (3) ganglia that were incubated with sphinganine (25 M) for at least 15 min before stimulation of an afterdischarge. Bag cell neurons were then isolated from clusters within these ganglia and maintained at room temperature for 3 hr, a time sufficient for the neurons to adhere firmly to the dish for whole-cell recording but still well within the ϳ18 hr period of refractoriness.
The K ϩ current density of cells that had undergone an afterdischarge was found to be significantly higher than that of the control unstimulated cells (Fig. 7A) . Moreover, no increase in current density occurred when bag cell neurons were stimulated in the presence of sphinganine (Fig. 7A) . Evidence that the increased current in cells that have entered the refractory state represents an increase in BK current comes from the finding that the BK channel blocker paxilline (10 M) decreased a significantly greater proportion of the current in stimulated refractory cells (48.4 Ϯ 4.3%), compared with unstimulated controls (27.9 Ϯ 3.9%) (Fig. 7B) .
Ca
2؉ -activated K ؉ channels may contribute to prolonged inhibition in bag cell neurons
To investigate the possible contribution of enhanced BK current to the refractory state of bag cell neurons, we tested the actions of the BK current blocker paxilline and the BK activator phloretin on the ability of intact clusters of bag cell neurons within the abdominal ganglion to generate an afterdischarge.
Control afterdischarges were elicited and found to have a mean duration of 30 Ϯ 4.2 min (Fig. 8 A, left, top traces) . Within 30 min of the end of the afterdischarge, repeated stimulation was again applied, verifying that the cells had entered the refractory state and that no additional afterdischarges could be evoked. Partial restoration of the afterdischarge occurred, however, after paxilline (10 M) was introduced into the bath for 2-10 min. The mean duration of discharges in refractory bag cell clusters treated with paxilline was 6.8 Ϯ 0.49 min. Moreover, in several instances, paxilline restored spontaneous firing of action potentials in bag cell neurons even without additional stimulation of the connective nerve (Fig. 8 A, left, bottom trace) .
We also investigated the actions of the BK activator phloretin (100 M) on the ability of previously unstimulated clusters to undergo an afterdischarge. Pretreatment with phloretin for 30 min severely attenuated the ability of stimulation to trigger afterdischarges. After washout of phloretin for 2-10 min, afterdischarges could again be evoked and in some cases began spontaneously (Fig. 8 B, left, bottom traces) . In the presence of phloretin, the outward current would likely be enhanced, which would prevent the cation channels that produce the depolarization of the afterdischarge (see Discussion) from initiating spikes in the cluster, even if these channels had become activated by stimulation. When phloretin was washed out, however, the previous activation of these channels in some clusters may have provided sufficient residual depolarization to elicit a discharge spontaneously. The duration of such afterdischarges was, however, 5.2 Ϯ Figure 6 . TPA enhances Ca 2ϩ -activated K ϩ currents in bag cell neurons. A, Mean values of peak current density and representative current traces showing the lack of effect of 100 nM TPA in cells dialyzed with a Ca 2ϩ -free intracellular solution (n ϭ 5). B, Mean values of peak current density and representative current traces for cells dialyzed with 1 M Ca 2ϩ before and after treatment with 100 nM TPA and subsequent application of 10 M paxilline (n ϭ 5). Also shown are the difference currents. Figure 7 . K ϩ currents are enhanced after an afterdischarge in the bag cell neurons. A, Mean current density-voltage relationships for cells isolated from unstimulated clusters (Control, n ϭ 9) and from those that had been stimulated to afterdischarge at least 3 hr before recording (n ϭ 9). Also shown are data for cells stimulated in the presence of 25 M sphinganine applied 15 min before stimulation (n ϭ 9). B, Comparison of the effect of paxilline (10 M) on K ϩ currents recorded in cells isolated from unstimulated clusters (n ϭ 9) and in those that had been stimulated to afterdischarge (n ϭ 9). Paxilline reduced the currents to a significantly greater extent in the cells that had undergone afterdischarge. 0.7 min, which is less than the mean duration of discharges in control untreated clusters. This finding suggests that some of the mechanisms that induce the refractory state can be activated, at least in part, by stimulation of the bag cell neurons even when afterdischarges are inhibited by phloretin.
DISCUSSION
Modulation of K
ϩ channels plays an important role in stimulusevoked changes in the excitability of the bag cell neurons. For example, the onset of the afterdischarge is characterized by a marked frequency-dependent increase in the width of action potentials (Kaczmarek et al., 1982) that can be attributed to cumulative inactivation of K ϩ channels. In contrast, after the onset of the refractory period, the width of induced action potentials is diminished (Kaczmarek et al., 1978; Whim and Kaczmarek, 1998) . The onset of the refractory state may be triggered by calcium entry during the afterdischarge (Kaczmarek and Kauer, 1983) , and our present findings indicate that an increase in Ca 2ϩ -activated K ϩ current contributes to the properties of the neurons during refractoriness. The existence of the Ca 2ϩ -activated K ϩ current in bag cell neurons has been reported by Kaczmarek and Strumwasser (1984) , Strong and Kaczmarek (1986) , Nerbonne and Gurney (1987) , Fink et al. (1988), and Fieber (2000) . Moreover, previous work has found that the amplitude of the Ca 2ϩ -activated K ϩ current is high in juvenile Aplysia that are incapable of afterdischarge and decreases throughout development toward adult levels that are characteristic of the mature electrophysiological phenotype (Nick et al., 1996) .
The properties of the component of the voltage-dependent outward current that is dependent on intracellular Ca 2ϩ match those expected for BK channels (Jan and Jan, 1997) . In isolated cells, the amplitude of this current is increased by stimulation of PKC, an enzyme that is activated during and for a considerable time after an afterdischarge in the intact bag cell neuron cluster (Wayne et al., 1999) . The amplitude of the current is also significantly elevated several hours after stimulation of an afterdischarge in intact clusters of bag cell neurons. The mechanisms that generate the refractory period are complex and not fully understood. Nevertheless, it is known that the cells are not only less responsive to both afferent synaptic input (connective stimulation) and chemical stimulation but are also intrinsically less excitable (Kaczmarek and Kauer, 1983; Wilson et al., 1996; Magoski et al., 2000) . Our results have shown that bag cell neurons that have entered the prolonged refractory state can be induced to discharge if treated with a BK channel blocker. Conversely, treatment of unstimulated clusters with a BK activator renders them unable to discharge. Under these conditions, it is likely that modulation of other channels, such as nonselective cation channels that provide the depolarizing drive for an afterdischarge (Wilson and Kaczmarek, 1993; Wilson et al., 1996) still occurs but that the increase in the potassium current prevents the occurrence of afterdischarge.
Although BK channels are thought to be encoded by a single gene, the Slo gene, there is considerable heterogeneity in their pharmacological and electrophysiological properties in different cell types. Moreover, more than one isoform can be expressed in a single cell type, and these isoforms may be differentially regulated by protein kinases or have different pharmacological properties. Thus it is possible that more than one isoform is present in the bag cell neurons. For example, BK current in bag cell neurons can be blocked by paxilline, a member of a group of structurally related indole diterpenes that are among the most potent nonpeptidyl blockers of BK currents (Knaus et al., 1994a; Sanchez and McManus, 1996; Strobaek et al., 1996) . Nevertheless, although 10 M paxilline produced a much greater inhibition of BK current in cells that had undergone afterdischarge than in unstimulated neurons (Fig. 7B ), this agent was not able to fully suppress the BK current after treatment of isolated cells with an activator of PKC (Fig. 6 B) . One possible explanation for this discrepancy is that the channels recruited during an afterdischarge represent a different isoform from those activated by PKC in isolated cells.
The BK channel activators phoretin and NS 1619 increase the BK current in bag cell neurons. In contrast, iberiotoxin, penitrem A, and verruculogen, blockers of BK channels in certain cells, had no effect on Ca 2ϩ -activated K ϩ currents in bag cell neurons. It is known that the pharmacological properties of BK currents are substantially altered by the presence of ␤ subunits (Knaus et al., 1994b; Wallner et al., 1999; Wanner et al., 1999; Brenner et al., 2000; Meera et al., 2000; Weiger et al., 2000) or potentially by 6) . B, The BK activator phloretin produces a refractory-like state in clusters of bag cell neurons. Left, Extracellular recordings showing the lack of response of previously unstimulated bag cell clusters exposed to phloretin (100 M). When phloretin was washed out of the recording chamber, partial discharges were recovered (bottom trace). Right, Histograms showing the mean duration of discharge in previously unstimulated clusters exposed to 100 M phloretin and after washout of phloretin (n ϭ 5).
heteromultimerization of Slo with other ␣-subunits (Joiner et al., 1998) . It is also possible that the pharmacological properties of the BK channels in bag cell neurons are influenced by the high ionic strength of the external medium.
Our present results, as well as previous studies (DeRiemer et al., 1985) , have found that activators of protein kinase C have no apparent effect on the purely voltage-dependent K ϩ currents in bag cell neurons. In cells dialyzed with the Ca 2ϩ -containing internal medium, however, treatment with the phorbol ester TPA produces an increase in the amplitude of a current whose properties closely match those of the paxilline-sensitive BK current. The fact that the effect of TPA could be blocked by sphinganine and by the specific pseudosubstrate inhibitor peptide PKC 19 -36 indicates that the enhancement of BK by TPA results from the activation of PKC.
The Slo potassium channel subunit contains multiple consensus phosphorylation sites for protein kinases (Atkinson et al., 1991) , and in some cases the physiological effect of phosphorylation at a specific site is known (Levitan, 1999; Tian et al., 2001 , Weiger et al., 2002 . There are also multiple examples of modulation of BK currents by activators of PKC. For example, activation of PKC increases Ca 2ϩ -activated K ϩ currents in the pleural sensory neurons of Aplysia (Critz and Byrne, 1992) . In certain glial cells, exposure to phorbol esters strongly reduces BK channel activity, whereas exposure to the protein kinase inhibitor staurosporine stimulates channel activity (Schopf et al., 1999) . In the pituitary GH3 cell line, activation of PKC results in activation of BK channels (Jakab et al., 1997) . It is not known, however, whether the actions of PKC in any of these cell types result from direct phosphorylation of the Slo protein or through indirect mechanisms.
The increase in K ϩ current that follows stimulation of an afterdischarge in bag cell neurons is an unusually long-lasting one, because it was recorded Ͼ3 hr after the end of stimulation. This prolonged time course readily falls within the duration of the refractory period, which endures for ϳ18 hr. Although the increase in current was blocked by sphinganine, it is not yet known whether the mechanism of the enhancement is the same as that for the acute regulation of the BK current in isolated cells. In addition to acting on K ϩ currents, activation of PKC produces an increase in the voltage-dependent Ca 2ϩ current in the bag cell neurons (DeRiemer et al., 1985; Strong et al., 1987) . The enhancement of the Ca 2ϩ current appears to result from the recruitment to the plasma membrane of ␣1A (Ca V 2.1) channels, which are normally localized on intracellular vesicles (White and Kaczmarek, 1997; White et al., 1998) . It has been shown in a variety of neurons and other cell types that the activity of BK channels is tightly linked to that of voltage-dependent Ca 2ϩ channels. Evidence for a physical link between these two types of channels has come from patch-clamp studies (Roberts et al., 1990; Robitaille et al., 1993; Marrion and Tavalin, 1998) , colocalization at release sites (Knaus et al., 1996) , and the finding that that direct specific binding of Ca 2ϩ channel ␣1 subunits to Slo subunits occurs in transfected cells (Cibulsky et al., 2001) . Thus it is possible that, in the bag cell neurons, BK channels are linked to voltage-dependent Ca 2ϩ channels and that activation of PKC promotes the coinsertion of both channel types.
A number of independent properties of the bag cell neurons are altered during the transition from afterdischarge to the refractory state. The propagation of action potentials along neurites is attenuated during the refractory period, and the ability of action potentials to invade branch points is impaired (Dudek and Blankenship, 1977; Kaczmarek et al., 1978) . Moreover, the frequency-dependent spike broadening that occurs during stimulation at the onset of afterdischarge may be lost after the cells enter the refractory cells (Whim and Kaczmarek, 1998) . Each of these changes is consistent with an increase in K ϩ current, which would be expected to increase the threshold for action potential generation. Other changes are less readily attributable to an increase in the K ϩ current alone. For example, the mechanisms that produce release of Ca 2ϩ from intracellular stores may be attenuated in refractory neurons (Magoski et al., 2000) . Moreover, stimulation of refractory cells fails to produce the prolonged depolarization that maintains the discharge (Kaczmarek and Kauer, 1983) . This depolarization has been attributed to the activation of a nonselective cation current (Wilson and Kaczmarek, 1993; Wilson et al., 1996; Magoski et al., 2002) . Nevertheless, an increase in the K ϩ current could also contribute in part to these events by indirect mechanisms. For example, it has been shown that, during stimulation, frequency-dependent spike broadening promotes the normal activation of the subsequent prolonged depolarization presumably by enhancing calcium entry (Whim and Kaczmarek, 1998) . Our findings suggest, therefore, that a prolonged increase in the BK current is one of the central events in the transition from afterdischarge to the refractory state.
